In this paper an overview of Molecular Dynamics simulations of chemically reacting systems is described. In particular, molecular dynamics simulations of shock initiation in a model energetic material are reported. The use of Molecular Dynamics to model thermal initiation and determine reactions rates in energetic materials is also discussed. Finally, the future potential of MD techniques for energetic materials applications is considered.
INTRODUCTION
Molecular Dynamics (MD) is the term used to describe the solution of the classical equations of motion (Newton's equations) for a set of molecules. A typical simulation is composed of hundreds, even thousands of atoms. Molecular Dynamics has been used successfully to study the properties of liquids, small rigid molecules, and even large molecules such as proteins. However, it is only very recently that this technique has been applied to the study of energetic materials[1, 2, 3, 4] . A major break-through has been the development of complex inter-atomic potentials such as the Abell-Tersoff potential, which allow chemical reactions to occur through incorporation of a many-body term. This has allowed the study of model reactive systems. Indeed, MD studies offer the prospect of a greatly improved understanding of the coupling between the shock physics and the chemistry of energetic materials.
RESULTS AND DISCUSSION
Molecular Dynamics studies at Fort Halstead have involved development of the in-house code DYNAMITE, incorporating a many-body empirical potential, and subsequent use of the code to study detonation phenomena. In particular, the initiation, growth and steady state detonation characteristics have been quantified for a model system. The influence of exothermicity, activation barriers, and inital shock conditions have all been addressed. The work reported in this paper concerns both thermal and shock initiation in a homogeneous system of diatomic molecules. Both 2D and 3D versions of the code have been employed which incorporate the empirical Abell-Tersoff potential. This potential is basically a pair potential and is the sum of a repulsive term, a bonding term, and a non-bonding term. The many-body characteristics of the potential arise through the bonding and non-bonding terms being dependent on third body interactions.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1995448
JOURNAL DE PHYSIQUE I V
The MD simulations were set up as either regular 2D or 3D (alpha FCC) lattices of heteronuclear diatomic molecules at zero pressure. The atomic mass of nitrogen (14 m u ) was used for the atoms in the model. Two sets of binding energies were used in a series of simulations. In one set of simulations a binding energy of 5eV was used for the products A-A and B-B while 2eV was used for the unreacted material. In a further set of simulations, 4eV was used for the products and l e v for the reactant. The MD code DYNAMITE was written in Fortran 77 and includes periodic boundary conditions, in all dimensions for the thermal initiation studies, but not on the x-axis (shock direction) for shock studies. The code can be run on the DRA Cray or Silicon Graphics computers. Typical run times are a few hours on the Cray YMP for simulations of about lops and a few thousand atoms.
The particular aims of the work reported here were to demonstrate that the model system gives chemically reasonable thermal reactions kinetics, and a shock initiation response curve of the correct form for a homogeneous explosive. Considering the thermal initiation studies first, both 2D and 3D simulations were carried out on a squarelcubic box of molecules at various inital temperatures. This model was used to study the reaction processes occurring, the times to reaction, and to obtain the specific heats (Cv). The specific heats (Cv) showed a slight increase with increasing temperature. At the highest temperatures (ca. 1500°K) which could be studied (before reaction) the model gave: Cv = 1.28R (0.18 callg) for the 2D model, and Cv = 1.69R (0.24 callg) for the 3D version. A wide variety of reactions have been observed. The most common are:
Back reactions and concerted triatomic processes have also been observed. Reaction times have been shown to be very similar in both the 2D and 3D version of the model over a range of temperatures. One feature that is worth noting is that classic "induction time" behaviour is observed at the lower temperatures.
In shock initiation simulations, the initial shocks were introduced by impact of a flyer composed of the same molcules as the acceptor lattice. For the shock initiation studies we have examined the influence of the pulse duration, which is determined by the flyer plate thickness, and the effect of the activation barrier on the threshold pulse amplitudes (flyer velocities) required to achieve "detonation". From these studies it is possible to make some general comments on the properties of the model. Firstly, provided the initial stimulus is sufficient a steady-state chemically sustained shock (detonation) is achieved. This travels at ca. 6 km/s with the parameters used, and is independent of the initial shock. Secondly, detonation results in almost complete conversion of the initial heteronuclear molecules to the more stable homonuclear species.
Initiation in homogeneous explosives is experimentally, observed to show a weak dependence on pulse duration except, for very short high-energy pulses, but to require a minimum particle velocity. For homogeneous systems, it has been widely demonstrated that initiation can be described by use of Thermal Explosion Theory. We have carried out MD calculations to see if our model system is consistent with this behaviour. The essential concept of Thermal Explosion Theory is that after the initial shock heating there is an induction time before significant chemical reaction. Provided the pulse duration is long enough to ensure that no rarefaction cools the material before the induction period is complete, then initiation is assumed to occur. It should be noted that the theory is not strictly valid for very strong shocks since some reaction occurs without an induction period and the hydrodynamics and the chemistry cannot be de-coupled. However, it is still very instructive to base an approximate criterion on the time required to obtain a significant degree (eg. 90%) of reaction. For the 2D simulations five thicknesses of flyer plates ranging between 5 and 37.5 A0 were employed. In addition two A-B well depths were considered namely, 2eV and lev. For each potential the particle velocityshock velocity relationship (Hugoniot) was determined. Threshold initiation velocities were ascertained for each flyer thickness and the Hugoniot used to plot the results as threshold energies versus pulse duration. The results of this study showed that the threshold curves had the correct form with a strong dependence on pulse duration for short pulses and weak dependence for longer pulses. Reasonable fits to the MD results were obtained with a simple thermal explosion model based on a single-step exothermic Arrhenius reaction. The threshold condition for the thermal explosion model was taken to be 90% reaction. The Arrhenius parameters needed to provide the fits were shown to be chemically sensible, with the activation energies amounting to about 75% of the unimolecular bond strengths. The model with an A-B well depth of l e v was fitted with an activation energy of half that of the model with a 2eV well depth, and the same pre-exponential factor. The simulations were repeated with the 3D code using a similar arrangement of molecules. A total of six flyer thicknesses were examined, but only one potential (with an A-B well depth of 2eV) was employed. The results from the 3D simulations were plotted as threshold energies against pulse duration as for the 2D results. As might be expected, very similar results were obtained to the 2D calculations. Despite the Hugoniot and specific heat being significantly different from the 2D model (as expected), the Arrenhius parameters needed to provide a thermal explosion fit were very similar.
In general, the results obtained with both the 2D and 3D versions of the model gave good agreement with thermal explosion theory. This is despite the fact that the predictions made with thermal explosion theory were strictly outside it's range of validity. Furthermore, an arbitary 90% reaction criterion and single step decomposition scheme were used. Since it is known that there are a number of key reactions this is clearly a gross simplification, and a two step model would be expected to give a much improved fit. It should be noted though, that the agreement between the classical thermal explosion model and the MD results strongly suggests that the MD model supports a classical thermal explosion model for shock initiation. Comparison with 'real' systems can be made by extrapolating the thermal explosion fit to a 2mm thick flyer plate. When this is done a threshold velocity of 2.1 kmls is obtained (for the potential with an A-B well depth of 2eV). This is not an unrealistic value for a real homogeneous explosive. As would be expected for a homogeneous system the Walker-Wasley critical energy (p2t) criterion does not provide a good fit to the initiation threshold curve. It is interesting to note however, that it does give an approximate fit to the shorter duration pulse results.
FUTURE WORK
Looking towards the future, it is hoped that MD studies might be able to address heterogeneous explosives where hotspots are important. For these types of explosives it would be interesting to extend MD studie to lattices with defects. However, the problem of treating realistic hot spot dimensions (ca.
S
-10-m) needs to be resolved before this is achieveable. It should be noted that some apparently heterogeous explosives, for example TATB, appear to have a significant homogeneous behaviour.
Future work will investigate the possibility of including more realistic ab-initio potentials. Ab-initio potentials could be obtained by inclusion of either a Molecular Orbital (MO) or Density Functional (DF) code within the MD code. This could then be used to generate ab-initio potentials directly for all short range interactions and an empirical potential could be used for long-range forces. However, the problems of incorporating either an MO or DF code directly into a MD code are non-trivial. It is hoped that the thermal explosion model might be extended to incorporate a coupled Arrhenius kinetic scheme which could be compared to the MD results. Finally, the ultimate aim of the work is to employ a kinetic model, derived from the MD work, directly into a hydrocode in order to simulate longer time (microsecond) and larger scale behaviour.
